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\bstract The passivation effects of CiaAs surfaces by sulfur are intro4uced The theiinal evapoiation ol a CiaS single crystal has been used to 
pavsivatc the GaAs surface The passivation effect o f GaAs surface by GaS has been studied by X-iay photoclection spectroscopy (XPS) and 
pliolJ'lumincscence (PU) The XPS spectra show that (la-S bonds arc found to tic more stable than As-S bonds 3Ticse (ia-S Ixinds are responsible for the 
M of GaAs surfaces. PL measurements suggest that the GaAs surface Is effectively passivated by a (JaS films Staggered type of band alignment 
lu^  ban ohscived at the GaS/CJaAs interface
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1. Introduction
111 V semiconductors (such as, gallium  arsenide (G aA s)) have 
niimbcfs o f  fu n d a m e n ta l a d v a n ta g e s  o v e r  th e  k in g  o f  
semiconductors, silicon . Its application  ranges from w ireless  
eomimmicatton to o p u v e lec tr o n ics , h igh -sp eed  d ev ices and 
m ic ro w a v e -p o w e r  d e v ic e s .  D e s p i t e  in te n s e  and o fte n  
disappointing efforts in the past three d ecades, a prom inent 
obstacle in realizing the great potential o f  III-V sem iconductors 
lemams- it is difficult to grow  an e ffec tiv e  passivating and/or 
insiilaling la ye r with high interface quality.
I he presence o f  high den sity  o f  surface states accom panied  
b> a large surface recom bination v e locity  on the G aA s surfaces, 
to severe deterioration o f  its electron ic quality. This has 
been considered to be a m ajor constraint in the developm ent o f  
^jaAs-based technology. A gain , it is know n that sem iconductor  
i'artaces are usually covered  with native o x id e  layers in air. Som e  
Problem undesirable for the d ev ice  fabrication process, arises 
the existence o f  the o x id e  layer. Form ation o f  surface or 
'fiWacc states and pinning o f  Ferm i level are in particular, 
''cnous problems on  G aA s.
In order to avoid the form ation o f  native ox id e , the surface 
by other sp e c ie s  o f  a tom s is d esirab le  for the
‘>rrcsponding A uthor
im provem ent o f  their electronic quality and d evice fabrication. 
According to Ihe definition given  by Green and Spicer [IJ, a 
surface passivation layer must provide; (a) chem ical passivation  
i.c\, it must prevent reactions betw een ambient atm osphere or 
other overlayers and III-V sem iconductor surfaces; (b) electrical 
passivation i.e., it must elim inate and prevent the form ation o f  
interface states; (c) an energy barrier for charge earners at the 
interface /.c ., it must p o ssess  a su ffic ien t barrier such that 
electrons w ill not be lost from the III-V sem iconductor to the 
passivating layer. Sulfur and selenium  are known to be useful 
elem ents for the passivation o f  G aA s surfaces. A lot o f  m ethods 
for the passivation o f  G aA s surfaces have been reported.
Sandroff c/ al \2\ have reported for the first lim e that the 
adsorption o f  sulfur resulting from a w et chem ical treatment in 
an aq ueous so lu tio n  o f  Na^S.9H^O can lead  to e f fe c t iv e  
passivation o f  the G a A s(0 () l) surface. A  number o f  sources o f  
sulfur have been show n to generate passivating layers on G aA s 
surfaces, w hose passivation effect was lost after the sam ple  
was exposed to air for a period o f  time [2-8]. Recently, M acinnes 
cf al [91 reported that an air-stabic GaS thin film , grown by metal 
organic chem ical vapor deposition  (M O C V D ) o f  cubic phase 
GaS on G aA s from a sin g le  source precursor, enhanced the 
p h o to lu m in e sc e n c e  in te n s ity  o f  G a A s by tw o  ord ers o f  
m agnitude, w hich is an indication o f  its excellen t passivation
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effect. H ou and cow orkers have reported that sulfur passivations 
by the electroch em ical technique o f  (NH^)^S 110, 11] and by 
g lo w  discharge o f  sulfur [1 2 | are very stable and long  lived  
p assivation  techn iques.
We h ave u sed  the la y ered -sem ic o n d u c to r  G aS for the 
passivation  o f  G aA s surface [13 -16]. T he sin gle  crystal GaS was 
therm ally deposited  on G aA s substrates. T he initial stage o f  the 
grow th o f  G aS thin film s on G aA s( 111 )A  and (001) surfaces has 
been  in vestigated  in-situ by X -ray photoelectron  spectroscopy  
(X P S ), A uger electron spectroscopy (A E S), low -energy electron- 
lo ss  spectroscopy (L E E L S) and ex-situ by PL. In these studies, 
w e have reported that G aA s surface w as e ffec tiv e ly  passivated  
by GaS thin film s.
In this article, w e report the bonding states o f  S -atom s and 
G aA s surfaces studied by X P S. Passivation  o f  the G aA s surface 
by GaS thin layers as verified by the low  temperature PL spectrum  
has a lso  b een  reported. A n en ergy  band diagram  has been  
proposed  betw een  G aS and G aA s interface.
2. Experimental details
G aS film s w ere grow n and all m easurem ents (excep t PL) were 
carried out in an ultrahigh vacuum  cham ber (ULVAC PHI 548-  
SH , E S C A /A E S system ) with a base pressure o f  -  2 x  10 Torr at 
T oyam a U niversity. T he cham ber w as equipped with a double- 
pass cylindrical mirror type energy analyzer (C M A ) for the 
m easurem ent o f  A E S , LE EL S and X P S. T he substrate w as /?- 
ty p e  G aA s(O O l) w afers prepared by u ltrason ic c lea n in g  in 
acetone, m ethanol so lu tions and d e-ion ized  water. N o  chem ical 
etch in g  w as perform ed before loading the substrate into the 
vacuum  chamber. A fter introducing the G aA s substrate into 
the cham ber, the surface w as clean ed  by Ar^ ion sputtering  
w ith  an a cc e ler a te d  v o lta g e  o f  1 .0  k eV , and su b seq u en t  
annealing at 400°C  for 30  m in. A fter these treatm ents, A ES  
sh ow ed  no contam inations such as carbon and ox y g en  on the 
surface.
T he sublim ated m aterials w ere G aS crystalline ingots grown  
by the Bridgm an m ethod in our laboratory. T hey w ere heated in 
a co iled  tungsten filam ent, and the evaporation  rate in a series  
o f  experim ents w as constant, w hich corresponded  to a grow th  
ra le  o f  ab out 0 .1  A /s e c  on  th e  G a A s su b stra te  at room  
tem perature. T he th ickn ess o f  G aS film s w as m onitored by a 
quartz oscillator, and estim ated  by the A E S  signal in tensity  o f  
A s(L M M ) at 1228 eV  from  the substrate w ith  using  the m ean  
free path o f  the electrons ( 2 1.1 A). M g -K a  X -rays ( 1253 .6  eV )  
w ere u sed  as an exc ited  source in X P S  m easurem ent. T he PL  
m easurem ents w ere carried out at 5 ,5  K u sing  a Jobin Yvon HR  
2 5 0  Spectrom eter w ith  the 5 1 4 5  lin e  o f  an Ar'  ^ laser as an 
exc ita tion  source and em iss io n  sign a ls w ere detected  by a G e  
d etector coo led  by liquid n itrogen. T he pow er density  on the 
sam ple surface w as about 0 .4  W /cm ^
3. Results and discussion
3 .1 Bonding states o f  sulfur-atoms and substrate surfcicvs
T he X P S spectra provide usefu l inform ation for undeisianjjj, 
the chem ical bond ing  states o f  the constituent atoms, and h " 
been w idely  used for the study o f  S-passivation o f  GaAs surl
Figure 1 sh o w s the X P S  spectra o f  Ga M  (left) and \s , 
(right) for G aS film s grow n on G a A s(0 0 1 ) substrates usini> (jas 
single crystal as an evaporation source. In Figure 1, (a) are 
o f  GaS film  grow n on  G aA s(O O l) surface at 3 5 0 T  and (hi ,r.. 
tho.se o f  G aS film  annealed  at 500°C  for 1 hr after the gm\^th v 
350®C, (c) are those o f  G aS film  grow n on GaAs(OOl) smiau' r 
400°C  and (d) are those o f  G aS film  annealed at 50(f‘( ' (,n i h 
after the growth at 4 0 0 “C. A lthough the Ga 3rf [xaks i\ >r ( iaS h\v, 
grow n on G aA s surface seem  to be a sin g le  peak, it is shohji, 
broader than the peak for the cleaned  G aA s surface, w heie 
G a-A s bonds exist. T herefore, they w ere deconvoluted ml., w,,. 
com ponents using G aussian  line shape, w here the widths wet- 
ch osen  from  the Ga 3d spectra, approxim ated  by (iaussiar. 
distribution, o f  the resp ective  substrate. T he peak with Lwn 
b in d in g  en erg y  co r re sp o n d s  to the G a -A s bond m 
substrate. T he rem aining sub-peak at h igher binding cnot v 
side is thought to be due to G a-S  bonds [10, 13, 14, 17 211 1 
both tem peratures, the intensity o f  the G a-S component idni\- 
to that o f  G a-A s sligh tly  increases after annealing, alln ii :i r 
film  th ickn ess d ecrea ses, as seen  in F igures. l(b)(lelt> anj 
l(d )(left). T he increase o f  peak intensity after annealing at 'Sotff 
is probably b ecause o f  the im provem ent in the crystal qualii. -'
Figure 1. Ga 3d (left) and As (right) XPS spectra: (a) as-depos tt » • 
film grown on GaAs(OOl) at 350“C, (b) after annealing at SOtPC foi | 
sample (a), (c) as-deposited GaS film grown at 400®C, (d) alter anm*!' 
at 500®C for I h of sample (c)
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jlie Furthermore, S atom s which were bonded to A s atoms 
I the S'Piissivated G aA s surface m oved  to G a atom s to form  
stible Oa-S bonds as a result o f  therm al annealing, being  
jp,eemcnt with the ev o lu tio n  o f  A s 7>d XPwS spectra upon 
Jnealmg as discussed in the fo llo w in g  paragraph.
j lie Ga 3d spectra. A s 3d peaks w ere a lso  deconvolutcd  into 
iwo com ponents u s in g  G a u ss ia n  l in e  sh a p e . For both  
icmperatures, the low er binding energy peak is the substrate 
.\s-Ga component, w hich dom inates after annealing at higher 
icmperatiirc. The higher binding energy peak is ascribed U) be 
;juc to As-S bonds f 1 0 ,1 3 ,1 4 ,1 7 -2 1  ]. T hese A s-S  bonds may be 
present at the interface betw een  G aA s and G aS. A fter annealing 
at higher temperature, the in tensity  o f  the A s-S  com ponent 
r e l a t i v e  to that o f  A s-G a  d e c r e a se s , w h ich  in d ica tes the 
movement o f  S a to m s  from  A s  to G a a to m s to form  
ihcrmodynamically m ore stable G a-S bonds than A s-S  bonds.
j  J E n h a n c e m e n t o f  p h o t o l u m i n e s c e n c e  p r o p e r t i e s  h y  s u l fu r -
juissivation :
The enhancement o f  PL intensity from  G aA s is often used as a 
mcasuie o f  su rface q u a lity  f o l lo w in g  su rfa ce  treatm ent 
pioccdurcs. A reduction in the density o f  surface impurities 
icspon.sible for m idgap stales results in reduced band bending 
and/or a reduction in the e ffe c t iv e  su rface recom bination  
\dociiy, thereby increasing the net PL effic ien cy  (/.c ., quantum  
\ id d ) ol the surface treated sam p les (2 2 J. The passivation  
aficetiveness can thus be checked  using photolum inescence.
S e \e ia l g ro u p s o f  r e se a r c h e r s  h a v e  rep o rted  the  
enhancement in PL intensity o f  GaAs(OOl) samples after (Nl l^),S- 
ncalmenl |4 , 10, 111. The PL intensity increased after the S 
passivation com pared w ith that o f  the a s-e tch ed  surface, 
llow evci, in the case o f  ordinary S passivation  in (N H ^ ,S  
soluiion, a rapid decay o f  PL intensity w as observed under Ar* 
lasc? illumination wilh 5 1 4 5 A  line, w hich was explained as the 
phoion-assisted oxidation  effect. On the other hand, the PL 
intensity from sam ples treated by the anodic S passivation in 
so lu tio n  re m a in e d  u n c h a n g e d  u nder the sam e  
•llurnination condition for 30  m inutes. [10-121. M ad n n es et al 
l‘^ l have deposited a very stable cub ic GaS thin film  on a GaAs 
Hirtacc by the m etal o rg a n ic  c h e m ic a l vapor d ep o sitio n  
(M0( VD) technique [9]. T hey have reported that the PL peak 
“^ tensity increased after treatment as com pared with that belbre 
and there w as no sign ifican t change in PL intensity  
<^ ven alter storage in am bient laboratory conditions L)r a period 
kmi months after deposition .
In our experim ent, the passivation  e ffec t o f  GaS on GaAs 
''tirfaces was evaluated by m easuring the PL peak intensity o f  
h‘*nd-u>band lum inescence at around 1.51 eV  o f  G aA s before 
iiher the growth o f  GaS thin film s al 4(XrC [ 15, 161. The PL 
'^ ^^ ensity was recorded at 5 .5K  as a function  o f  aging time in the 
'^ n^iosphere, as shown in F igure 2. T he shape o f  PL spectrum
was not changed wiih aging time. The magnitude o f  PL intensity 
increases after the deposition ot OaS film s as compared with 
that o f  d ean  ClaAs surfaces. For G aA s covered by GaS, there is 
no significant change o f  the magnitude o f  PI. intensity with 
aging time. Our result also show s that after the deposition, GaS 




]*i(»urv 2. I’L intensity of OaAsfOOI) ai 5 5 K as a tunction of aging lime 
in atmosphere (a) as-eleaned, (b) after deposiiion of fiaS films on 
CiaAs(()()l) al 4(KV’C’ followed (a) by annealing al 500‘’r
3.3 Encrf^y hand diagram fur the GaS/GaAs(0()l) interface :
We have studied an energy band diagram of GaS-covered (k iA s  
using XPS measurements ot the band discontinuities 114). The 
interface band discontinuities arc am ong the m ost imptirtanl 
parameters characterizing the behaviour and performance o f  
hetcrqiunction devices. A lthough several theories have been 
proposed to estim ate the band discontinuities, reliable values 
can only be obtained experim entally.
In the present study, the band di.scontinuitics at the interface 
between GaS and (laA s(O O l) surface w ere measured by an 
'indirect method ot hand d iscontinuity estim ation by X P S’. In 
this method, the valence band discontinuity at the Ga^S/ 
GaAs interface is estim ated by m easuring the XPS spectra ot 
the valence band and core levels [23, 24]. is given by
AE,. =  -  E ^ ^ ) -  ) + A E a  . (1)
^ E a  (2)
where and are the valence band m axim a (V B M ) o f  
bulk GaAs and bulk G aS, respectively, and E^f^J and 
the core level energies o f  A s 3^/of bulk GaAs and o f  S 2 /;o f  bulk 
GaS, respectively. AECL is the energy difference between As 3d 
and S 2p when the GaS film s are deposited onto GaAs. The 
valence band maxima are difficult to locate with good ciccuracy. 
The v a len ce  band spectra o f  the u ltrason ic c lea n ed , Ar^ 
sputtered and heated (bulk) G aA s and ex-situ cleaved (bulk) 
GaS surfaces are shown in Figure 3, where the VBM  positions
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w ere determ ined by a linear extrapolation o f  the leading ed ge ot 
the va lence band spectra.
46 44 42 40 38 36 6 4 2 0 -2  - 4  
BINDING ENERGY (eV)
168166164162160 6 4 2 0 - 2  
BINDING ENERGY (eV)
Figure 3. Core level and valence band spectra of (a) (jaAs(OOl) surface, 
(b) cleaved CiaS surface
The Fermi level o f  G aA s is estim ated to be 0 .46  eV  above the 
va lence band ed ge. T he value o f  ( )  for G aA s was 
determ ined from the m easurem ent o f  core level and valence band 
spectra o f  the substrate, as show n  in F igure 3(a). T he value w as 
averaged for three sets o f  m easurem ents, and is thus obtained
as -4 2 .3 1  ±  0. J eV. Similarly, the value o f  ) for GaS
w as determ ined from the m easurem ent o f  core level and valence  
band spectra o f  the G aS sin g le  crystal, as show n in F igure 3(b). 
It w as obtained to be -“162.3 ±  0.1 cV. T he Fermi level o f  GaS is 
estim ated  to be 1.72 eV  above the va len ce band ed ge. was 
m easured for the G aS film  on G aA s(O O l) surface deposited  at 
400®C fo llow ed  by an anneal at 450"C, and w as estim ated  to be 
120.13  eV. T he d econvolu ted  peaks for A s 3rf and S 2p w ere 
used for the estim ation  o f  . Substituting these results in 
e q .( l) ,  the valence band d iscontinuity at the G aS/G aA s interface 
is obtained as AEy =  0 .1 4  ±  0 .2  eV. T he band gaps o f  G aA s 
and G aS are 1.43 and 2 .5  cV , resp ec tiv e ly . T h erefore , the 
con d uction  band d iscontinu ity  {AE^) at the GawS/GaAs(001) 
in ter fa ce  w as ca lcu la ted  by u sin g  the fo llo w in g  eq u ation
4 £ ,.  =  AE, + ) =  1.21 ±  0 .2  eV. U sin g  ihe values
obtained for AE^, AE .^ and , the energy band diagram  can  
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Figure 4* Schematic energy-band diagram at the GaS/GaAs(001) interface
T h is typ e o f  band a lign m en t has a lso  been repinied i 
Takatani et al [25] for the grow th o f  am orphous Se on C,v 
surfaces.
4. Conclusions
T he passivation  e ffec ts  o f  G aA s surfaces using sullui h* 
been characterized. It has been show n  that sulfur is an impon, 
elem ent for the e ffec tiv e  passivation  o f  G aA s surfaces (r, 
bonds w ere found to be m ore stable than A s-S  bunds ] 
Ga-S lx>nds are responsible for the passivation o f  GaAs sm f 
by reducing the surface state density  w ithin the energy 
G aA s. P hoto lu m inescence m easurem ent has been used lochr 
the effec tiv en ess  o f  the S -p assiva lion . To keep the pasMv.ni, 
effec t long lived , the grow th  o f  protective layer ul (,,is 
effective . T he band a lignm ent at the G a S /G a A s(0 ()l) inuita. 
has been show n to be a staggered  type, and the vaicnu* ai 
conduction  band d iscon tinu ities have been  estim ated to 1\ r> i 
eV  and 1.21 eV, respectively.
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